Abstract: The morphological stability of vesicles consisting of an amphiphilic poly(methacrylic acid)-block-poly(methyl methacrylate-random-methacrylic acid) diblock copolymer, PMAA-b-P(MMA-r-MAA), was investigated against the external stresses of pH, salt concentration and polyamine. The worm-like vesicles underwent a partial fusion at pH 12, however, they retained the worm-like shape at pH 13 due to electrostatic repulsion. On the other hand, the spherical vesicles were completely fused at pH 12, transformed into a sheet and did not retain their shape under the higher basic condition. Similarly, the worm-like vesicles retained their morphology in 0.1 mol% solutions of sodium chloride and sodium dodecyl sulfate, while the spherical vesicles caused division and fusion even at much lower concentrations. Poly(2-dimethylaminoethyl methacrylate) (PDMAEMA) transformed the worm-like vesicle into a cleavable sheet, while it changed the spherical vesicles into a sheet without a specific form. It was found that this transformation based on the acid-base interaction between the carboxylic acid of the MAA block and the amine of the PDMAEMA was dependent on the molecular weight of the PDMAEMA. The short PDMAEMA retarded the fusion of the vesicles.
Introduction
Single-cell bacteria have many different morphologies.
They include spherical Staphylococcus aureus, [1, 2] rod-like Bacillus subtilis, [3, 4] long worm-like Escherichia coli [2, 4] and Bifidobacteria, [5] and spiral Spirochete [6] and Campylobacter pylori. [7] Organelles in living cells also have various morphologies based on the specific compositions of the lipids with their individual critical packing shapes that determine the bilayer thickness, curvature, and shapes. [8, 9] Examples include the elliptical mitochondria, [10] tubular microvilli of the epithelial cell, [11] and the interconnected tubular network of the surfaces of the endoplasmic reticulum [12] and Golgi apparatus. [13] The morphologies of the bacteria and organelles often change responding to the circumstances and external stresses. [14] [15] [16] Vesicles composed of amphiphilic diblock copolymers are possible artificial and morphological mod-els of biomembranes for the bacteria and organelles based on the similarities in their size and structure. [17] Some morphologies have already been created using poly(methacrylic acid)-block-poly(methyl methacrylaterandom-methacrylic acid), PMAA-b-P(MMA-r-MAA) by polymerization-induced self-assembly using the nitroxide-mediated photo controlled/living radical polymerization technique (photo NMP). [18] The morphologies include spherical vesicles, [17] the elliptical, [19] worm-like, [20, 21] key-shaped, [22] villus-like, [23] and anastomosed tubular networks. [24] These morphologies were determined by the block length and molar ratio of the monomer unit in the diblock copolymer. The copolymer also provided new models relating to the membrane permeability, [25] budding separation during endocytosis, [26] and sterol intercalation. [27] It is important to investigate the morphological stability of the vesicles against the external stress in order to elucidate the biomembranes of the bacteria and organelles from a morphological aspect. The difference in thermal stability has already been reported between the worm-like vesicles and spherical vesicles consisting of PMAA-b-P(MMAr-MAA). [24] This paper describes the morphological stability of these vesicles against pH, salt concentration, and a basic polymer.
Experimental

Instrumentation
Field emission scanning electron microscopy (FE-SEM) measurements were performed using a Hitachi SU8000 scanning electron microscope.
Materials
The worm-like vesicles and spherical vesicles were prepared as reported previously. [22] Poly(2-dimethylaminoethyl methacrylate) (PDMAEMA) was prepared by the photo NMP. [28] Methanol (MeOH) was refluxed over magnesium with a small amount of iodine for several hours, and then distilled. Distilled water was purchased from Wako Pure Chemical Industries and used without further purification. Extra pure sodium chloride and sodium dodecyl sulfate (SDS) were purchased from Wako Pure Chemical and used without further purification.
Stability against pH
The worm-like vesicles (5.1 mg) were dispersed in a NaOH aqueous solution (4 mL) with different pH by vigorous shaking. The dispersion was stood at room temperature for a week. The precipitates were isolated by decantation and dried in air for several hours. The product was subjected to the FE-SEM observation.
Stability against salt concentration
The vesicles (5.6 mg) were dispersed in an aqueous MeOH solution (0.8 mL, MeOH/water = 3/1 v/v) with different NaCl concentrations of 0.1, 0.01, and 10 −3 mol% by vigorous shaking. The mixture was stood at room temperature for 2 weeks. The precipitates were isolated by decantation and dried in air for several hours. The white powder product was subjected to the FE-SEM observation.
Stability against PDMAEMA
The vesicles (5.1 mg) were placed in an aqueous MeOH solution (3 mL, MeOH/water = 3/1 v/v). The PDMAEMA with Mn = 40,100 (30 mg) was dissolved in an aqueous MeOH solution (3 mL). The PDMAEMA solution (0.25 mL) and an aqueous MeOH solution (0.75 mL) were added to the vesicle solution. The mixture was dispersed by vigorous shaking and stood at room temperature for 2 weeks. The precipitates were isolated by decantation and dried in air for several hours. The product was subjected to the FE-SEM observation.
FE-SEM observations
The morphologies of the vesicles were observed using FE-SEM at 1.0 kV without any coating of the vesicles.
Results and Discussion
The morphological stability against pH was investigated using the worm-like vesicles consisting of PMAA 351 -b-P(MMA 0.826 -r-MAA 0.174 ) 372 . Figure 1 shows the variation in the morphology of the worm-like vesicles placed in different pH solutions. The vesicles retained the worm-like shape up to pH 11 and partially fused at pH 12. However, they retained their shape at pH 13. It is considered that at pH 12, the partial ionization of the PMAA block caused the fusion of the vesicles by the hydrogen bonding interaction between an ionized carboxylate anion and a non-ionized carboxylic acid on the surface of the vesicle shells (Figure 2 ). At pH 13, the electrostatic repulsion between the carboxylate anions retained the worm-like morphology based on completed ionization. Many worm-like vesicles attached to a concave spherical vesicle were observed at pH 13. The concave spherical vesicles were probably formed by partial swelling of a worm-like vesicle due to the intravesicularly electrostatic repulsion followed by its collapse. The pH-responsiveness of the spherical vesicles based on a light scattering study has already been reported. [29] However, the study did not include the morphological observations for each pH. The spherical vesicles consisting of PMAA 227 -b-P(MMA 0.841 -r-MAA 0.159 ) 321 retained their shape up to pH 11 as did the worm-like vesicles. The spherical vesicles were completely fused into a sheet-like morphology at pH 12 ( Figure 3) , however, they provided a nonspecific morphology at pH 13 due to partial phase separation based on the electrostatic repulsion. For the spherical vesicles, the partial change affected the entire morphological change which caused the irreparable disruption. The stability of the vesicles against the salt concentration was also examined using NaCl. The worm-like vesicles and spherical vesicles retained their shapes at 10 −3 mol% (Figure 4 ). The worm-like vesicles retained the morphology even at 0.1 mol%, whereas the spherical vesicles combined into larger vesicles at 0.01 mol%. The large vesicles were further fused into a sheet-like morphology at 0.1 mol% based on the interaction between the PMAA blocks via Na + ( Figure 5 ). SDS also caused morphological transformation of the vesicles. However, the salt produced a change opposite to that of the spherical vesicles by NaCl. SDS partially swelled the wormlike vesicles without fusion even at 0.1 mol% (Figure 6 ), whereas the salt divided the spherical vesicles into much smaller spheres at 0.01 mol%. SDS with a cone-like critical packing shape due to the long hydrophobic hydrocarbon chain was intercalated into the hydrophobic cores of the vesicles causing an increase in the curvature of the bilayer to produce much smaller vesicles. These small vesicles were further fused into a sheet at 0.1 mol%.
Polyamine has the potential to also serve as an ex- ternal stress for the vesicles as well as NaCl and SDS based on the acid-base interaction on the vesicle shells. The morphological stability of the vesicles was evaluated using PDMAEMA with Mn = 40,100 (Mw/Mn = 1.89). When the worm-like vesicles were placed in a solution containing PDMAEMA at 0.1 as a molar ratio of the amino group (Am) to the carboxylic acid (Cb), part of the vesicle transformed into a cup-like shape to produce a scoop-like vesicle (Figure 7) . It has been reported that the cup-like morphology was formed in the early stage of the polymerization during the process of preparing the worm-like vesicles. [20] The copolymer with the short hydrophobic chain during the early stage was considered to form the rim of the cup-like vesicle based on its cone-like critical packing shape. The acid-base interaction between the amine and carboxylic acid increases the hydrophilic surface area of the critical packing shape of the copolymer due to the more hydrophilic salt formation causing a change in the critical packing shape into a cone-like shape. An increase in the PDMAEMA concentration to Am/Cb = 0.25 transformed the vesicles into short worm-like or small spherical vesicles. A further increase to Am/Cb = 0.5 changed them into interconnected vesicles, followed by a partial sheet at Am/Cb = 1.0, and finally into a cleavable sheet at Am/Cb = 2.0. PDMAEMA also produced morphological changes in the spherical vesicles (Figure 8 ). The vesicles were disrupted into much smaller particles along with a small amount of cup-like vesicles at Am/Cb = 0.1. At Am/Cb = 0.25, partial fusion of the vesicles occurred, indicating that the spherical vesicles were more easily deformed than the worm-like vesicles by the acid-base interaction. As the amine concentration increased to Am/Cb = 0.5, the vesicles transformed into a partial sheet, followed by a flexible sheet at Am/Cb Figure 5 . A scheme for the interaction between the PMAA blocks via Na + in a sheet-like morphology = 1.0, and finally into a completed sheet at Am/Cb = 2.0. The morphological change in the vesicles was dependent on the molecular weight of the polyamine. As can be seen in Figure 9 , the PDMAEMA with a lower molecular weight of Mn = 13,100 (Mw/Mn = 1.56) retarded the fusion of the worm-like vesicles at the same amine concentration. The morphology at Am/Cb = 0.5 for the short PDMAEMA was equal to that at Am/Cb = 0.1 for the long PDMAEMA. The spherical vesicles were fused even by the short PDMAEMA, however, the fusion produced a sheet with a much smaller area by the short PDMAEMA than the long one. The retardation of the fusion by the short PDMAEMA is due to the fact that the short PDMAEMA forms the intravesicular 
Conclusion
This is the first study that demonstrated the difference in the morphological stability between the wormlike vesicles and spherical vesicles against the external stresses. The worm-like vesicles were fused under a basic condition, however, they retained their worm-like shape at a much higher basicity due to the electrostatic repulsion. On the other hand, the spherical vesicles were easily fused into a sheet and did not retain their shape at the highly basicity. Similarly, the worm-like vesicles retained their morphology even at the high concentrations of NaCl and SDS, while the spherical vesicles caused division and fusion at much lower concentrations. The acid-base interaction with the polyamine also produced changes in the vesicles depending on its molecular weight. The short polyamine retarded the fusion of 
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